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Atomically thin van der Waals materials stacked with an interlayer twist have proven to be an
excellent platform towards achieving gate-tunable correlated phenomena linked to the formation of
flat electronic bands. In this work we demonstrate the formation of emergent correlated phases in
multilayer rhombohedral graphene - a simple material that also exhibits a flat electronic band but
without the need of having a moire´ superlattice induced by twisted van der Waals layers. We show
that two layers of bilayer graphene that are twisted by an arbitrary tiny angle host large (micron-
scale) regions of uniform rhombohedral four-layer (ABCA) graphene that can be independently
studied. Scanning tunneling spectroscopy reveals that ABCA graphene hosts an unprecedentedly
sharp flat band of 3-5 meV half-width. We demonstrate that when this flat band straddles the Fermi
level, a correlated many-body gap emerges with peak-to-peak value of 9.5 meV at charge neutrality.
Mean field theoretical calculations indicate that the two primary candidates for the appearance of
this broken symmetry state are a charge transfer excitonic insulator and a ferrimagnet. Finally, we
show that ABCA graphene hosts surface topological helical edge states at natural interfaces with
ABAB graphene which can be turned on and off with gate voltage, implying that small angle twisted
double bilayer graphene is an ideal programmable topological quantum material.
Two dimensional (2D) van der waals (vdW) het-
erostructures with an interlayer twist have provided a
new avenue for observing emergent tunable many-body
electron phenomena. Recent experimental realizations
include twisted bilayer graphene (tBG) near the so-called
magic angle of 1.1◦ [1–3], twisted double bilayer graphene
(tDBG) at a magic angle of around 1.3◦ [4–6], ABC
trilayer graphene on near-perfectly aligned hexagonal
boron nitride (hBN) (ABC-tLG/hBN) [7, 8] and tran-
sition metal dichalcogenide heterostructures [9–12] (with
predictions on a variety of other systems [13, 14]). All of
these systems host an interplay of two phenomena - the
presence of one or more van Hove singularities (which we
colloquially refer to as flat bands henceforth) at low en-
ergy where the density of states is sharply peaked, and
the existence of a moire´ pattern that creates a unit cell
that is about a hundred times larger than the carbon -
carbon nearest neighbor distance in graphene. The large
number of electrons with quenched kinetic energy make
the flat bands conducive to interaction driven phases [15].
The enlarged moire´ unit cell is thought to reduce both the
flat band bandwidth and the interaction energy scales,
and also introduces easily accessible integer fillings that
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create Mott-like insulating states [1–12], the relation of
which to nearby superconductivity is debated. A natural
question that arises from all of these works is whether the
moire´ pattern is a necessary condition for the observation
of correlated many-body phases, or whether it is simply
sufficient to further reduce the flat band bandwidth and
hence the kinetic energy in the heterostructure.
In this regard, multilayer rhombohedral (ABC)
graphene offers a different perspective towards achiev-
ing flat bands without the use of a moire´ potential [16].
Indeed, in a seminal work [17], it was theoretically shown
that the low energy band structure of multilayer rhom-
bohedral graphene has a sharply peaked DOS, with the
band structure E(k) ∝ kN (where N is the number of
layers) at low energy in the nearest neighbor hopping ap-
proximation. This implies a peak in the DOS at charge
neutrality in this material for N>2, with an appreciable
fraction of the entire band within this peak [18]. Indeed,
this physics is already at play in ABC-tLG/hBN [7, 8],
where some of the flatness of the bands comes from the
intrinsic band structure of ABC graphene, which is then
further flattened and isolated by the moire´ pattern from
the hBN alignment. A facile alternative to flatten the
bandwidth without introducing a moire´ potential is to
simply increase the number of layers of the rhombohedral
stacked graphene. Unfortunately, isolating rhombohedral
stacked graphene of any thickness is extremely difficult
as it is less energetically favorable than the multilayer
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FIG. 1. Rhombohedral Domains in Small Angle Twisted Double Bilayer Graphene. (A) Side view and top view
of atomic stacking considerations in a tDBG moire´ pattern. Due to the enforced Bernal stacking of the top and bottom layer,
the AA site stacking equivalent in tDBG is BAAC. One can translate the bilayer - bilayer atomic alignment by one atom in
either direction to visualize commensurate stackings around the BAAC site (as shown by arrows in Figure 1B for a moire´
unit cell diagram). While the monolayer - monolayer case (which can be seen by the middle two layers) becomes AB/BA,
when the top and bottom tDBG layers are considered the commensurate stacking sites become ABAB (Bernal) and ABCA
(rhombohedral). (B) Cartoon moire´ of small angle tDBG with two example directions of atomic stacking shift considered in
(A). (C) A nano-infrared image of a large area of a small-angle tDBG sample. (D) An STM topographic image of small angle
tDBG (setpoints of 300 mV and 100 pA). (E) STS LDOS of ABCA and ABAB graphene domains in small angle tDBG taken
at the center of one of each domain (setpoints of 300 mV and 150 pA with a lock-in oscillation of 2.5 mV). (F) STS LDOS
map at the energy of the ABCA flat band (setpoints of 400 mV and 150 pA with a 2.5 mV oscillation).
counterpart, Bernal stacked graphene. Since the differ-
ence between rhombohedral and Bernal graphene is sim-
ply a lattice shift, and the interlayer van der Waals forces
are weak, it is well known that rhombohedral graphene
reverts to the Bernal form when samples are processed
with heat, pressure or while performing lithography [19].
In this work, we show that twisting two sheets of bilayer
graphene (tDBG) by a tiny (<0.1◦) angle is a simple and
robust method to create large area (up to micron-scale)
rhombohedral graphene of four-layer thickness (ABCA
graphene). We present gate tunable scanning tunneling
microscopy and spectroscopy (STM/STS) measurements
at 5.7 Kelvin on these regions. We show that correlated
phases can be achieved without the need for a moire´ su-
perlattice potential and that rhombohedral graphene has
unique topological properties.
In the limit of small twist angles, it is well known that
two twisted layers of graphene will prefer to form ex-
tended regions where the lattice is commensurate and
Bernal stacked (called AB or BA stacking) [20], separated
by sharp domain walls where the stacking order changes
from AB to BA [21–23]. Where the domain walls inter-
sect, the stacking order is locally AA, which is also where
the low-energy electrons are localized [15, 24]. We begin
by considering the atomic stacking nature of small angle
tDBG, as shown in Figure 1A-B. The easiest way to think
of tDBG is to consider the middle two layers which form
the same structure as tBG. The rest of the structure of
tDBG can then be visualized by the fact that the two
upper and two lower layers are both Bernal stacked. Us-
ing this visualization technique, it becomes clear that the
equivalent of the AA stacking location in tBG is a BAAC
stacking in tDBG. One can then displace the top bilayer
by one atom in either direction to visualize the other com-
mensurate stacking sites in a manner exactly analogous
to tBG. The consequence of this as shown in Figure 1A
is the formation of ABAB (Bernal) and ABCA (rhom-
bohedral) stacked four-layer graphene in the commensu-
rate regions of the sample. Because it is energetically
favorable for commensurate regions to maximize in area,
3small angle tDBG has large, uniform extended regions
of rhombohedral and Bernal graphene that push any ef-
fect of the tDBG moire´ superlattice to the interfaces of
the commensurate domains. At small angles, tDBG thus
forms large, uniform rhombohedral domains that are de-
coupled from effects of the large wavelength small angle
tDBG moire´. The final stacking arrangement that arises
is then shown in Figure 1B. The rhombohedral graphene
is protected by the global symmetry enforced by the twist
angle, making it stable and easy to produce. While in
this work we show this case for small angle tDBG, the
atomic stacking arguments at hand will also extend to
any angle including the magic angle of tDBG where the
ABCA sites will likely play a role in electron localization
along with the BAAC sites. These arguments also ap-
ply to monolayer-bilayer twisted trilayer graphene where
the commensurate stackings become ABA and ABC [23]
((60 + δ)◦ tDBG is another interesting case where com-
mensurate sites will be ABCB and BCBA).
We first use nano-infrared imaging to visualize small
angle tDBG on a large scale. Figure 1C shows a nano-
infrared image of a large area region of small angle tDBG
(details in supplementary materials). We see that there
are two distinct sets of domains (bright and dark in the
image) with quasi-hexagonal order. The average size of
the domains in this sample is of order 200 nm on a side,
though several larger domains of over a micron in size
are seen, presumably due to local strain or pinning of
particular stacking sites. We have observed such domain
structures of hundreds of nanometers in width in every
small angle tDBG sample. The contrast between the two
domains clearly shows that the two domains have distinct
electronic responses, as we might expect for Bernal and
rhombohedral graphene. Having seen the optical signa-
tures of small angle tDBG structure on a large length
scale, we turn to STM/STS to study the atomic-scale
spectroscopic properties. In Figure 1D we show a STM
topographic image of a homogenous small angle tDBG
region with triangular domains that are about 220 nm
per side. This can directly be contrasted with a small
angle tBG STM topography in Figure S1 (supplemen-
tary materials). In tBG, the STM topographic contrast
is dominated by the AB/BA domain walls and the AA
site centers, while the two commensurate AB and BA
domains have identical contrast. In the case of tDBG,
the contrast differs between the two sets of triangular
domains, ABCA and ABAB.
We next turn to the electronic structure of the do-
mains. In Figure 1E we show STS LDOS on the ABCA
and ABAB domains elucidating their starkly different
electronic properties. While the ABAB domains show
a gradually increasing density of states away from the
Fermi level (consistent with measurements on multilayer
graphite), the ABCA domains have an extremely sharp
enhancement in the density of states near the Fermi level.
In Figure 1F we show an STS LDOS image at the energy
of the LDOS peak. This image shows that the contrast
between the ABCA and ABAB domains is uniformly ob-
served in the low energy electronic structure, and thus the
peak in the LDOS in Figure 1E is simply a property of
the ABCA graphene itself and not due to confinement or
impurity effects. Furthermore, the uniform spatial elec-
tronic structure proves that these ABCA domains have
spatially maximized their commensurate area, pushing
the unnatural atomic stackings of the spatially evolv-
ing tDBG moire´ to the domain walls and decoupling the
ABCA graphene from the effects of the superlattice po-
tential. Thus, although we use a tDBG moire´ to achieve
the ABCA graphene regions, they are no longer affected
by the much larger moire´, allowing the study of ABCA
graphene without any superlattice potential affecting its
low-energy electronic properties. From the topography
and STS map in Figs. 1D and F, it can also be seen
that the ABAB Bernal domains are convex whereas the
ABCA domains are concave. This domain shape can
simply be understood as a competition between the de-
sire on the part of the ABAB domains to maximize their
area (being more energetically favorable) and the desire
to minimize the length of the domain wall (similar to sur-
face tension). This behavior is also different from tBG,
where the two AB/BA domains are equivalent, leading
to simple straight domain walls as seen in Figure S1 and
previous works [22, 24].
Having clearly identified the large regions of uniform
ABCA graphene in our sample, we now focus on the low
energy gate-dependent spectroscopic structure. It is im-
portant to note that in STM measurements, the spec-
troscopic signals are dominated by the first conducting
layer of the sample, and hence by the top layer of ABCA
graphene. To begin, we compare the surface measured
experimental LDOS (Figure 1E) to layer-dependent the-
oretical LDOS as calculated by DFT and shown in Figure
2A. The low energy density of states is concentrated on
the outer layers (i.e., layers 1 & 4) and we find that when
examined over a large energy range, the LDOS predicted
by DFT for the top layer matches the observed spec-
troscopy in Figure 1E strikingly well, including the high
energy bands appearing as steps in the spectrum.
We now turn to the effect of a gate voltage on our
measurements. In Figure 2B we show a curve at our
maximum positive gate voltage of 50 V (limited by gate
leakage). We see that the shape of the measured spec-
trum has undergone significant changes. The low energy
peak and high energy band edges are still present in the
spectrum (though they have shifted due to doping), but
in addition a clear gap has emerged below the Fermi level.
To better understand the origin of this gap, in Figure 2C
we show a model for our geometry and basic electrostat-
ics. In our measurement, the sample is biased relative to
the tip, while the gate voltage is applied relative to the
sample. The application of a back gate voltage results
in both electrostatic doping of the sample as a whole,
as well as an electric field applied across the layers of
the sample. In trilayer ABC layer graphene [25], it has
indeed been shown that electric fields can cause a gap
to form. To better understand this effect in four-layer
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FIG. 2. Displacement Field Dependent LDOS in ABCA Graphene. (A) Layer-dependent LDOS as calculated by self-
consistent DFT. (B) STS LDOS curve at a gate voltage of 50 V and top layer DFT calculated DOS at 0.8 V/nm. (C) Cartoon
of the STM/STS measurement geometry under an applied back gate voltage. The sample is biased relative to the grounded tip.
The back gate dopes the sample and inherently also induces a displacement field. (D) Displacement field dependent low-energy
band structure of ABCA graphene as calculated by DFT. (E) A series of experimental STS LDOS (solid) and DFT top layer
LDOS (dotted) curves at various displacement field magnitudes. (F) Extracted displacement field gap sizes for 251 STS LDOS
curves equally spaced between our displacement field extremes. DFT calculated displacement field gap sizes are overlaid. STS
measurements in (B) and (E) were at setpoints of 400 mV and 150 pA with a lock-in oscillation of 2.5 mV.
ABCA graphene, we calculate the electric field depen-
dence of the band structure by means of self-consistent
DFT (see supplementary materials) in Figure 2D. Upon
application of a displacement field to the sample, a gap
emerges in the ABCA graphene band structure as seen
in Figure 2B, which shows the DFT calculated top layer
DOS on top. While the band structure of the top layer
is electron-hole asymmetric in an applied displacement
field, the bottom layer has a band structure that is ap-
proximately electron-hole mirror symmetric with respect
to the top layer. We also note that in the presence of a
displacement field, the low-energy bands develop a topo-
logical character, with each of the valleys in the conduc-
tion and valence bands having a Chern number of 2, but
with opposing signs [26, 27] (see Figure S2 and supple-
mentary materials).
For the STS curve at +50 VG in Figure 2B, we esti-
mate our displacement field to be 0.85 V/nm (we assume
the tip to be one electrode of a parallel plate capacitor
held at 0 V and account for intrinsic sample doping which
displaces charge neutrality and the zero field condition).
The DFT prediction for the top layer DOS with an elec-
tric field of 0.8 V/nm (solid black curve on Figure 2B)
matches the experimental spectrum well. We note that
in the DFT calculation, the electric field value is fixed
at infinity, and the charge on the layers is allowed to re-
distribute itself self-consistently. We have measured the
experimental LDOS for a range of gate voltages, a few
of which are displayed in Figure 2E. Overlaid on these
curves are the DFT predictions at the corresponding elec-
tric field values. As the field is increased, the displace-
ment field gap grows in size. For electric fields pointing
from the gate to the tip, the gap is located to the left
(lower energy) of the main peak in the LDOS, while for
fields pointing in the other direction the gap is located
to the right (higher energy). In Figure 2F we track the
displacement field dependent gap size for 251 STS LDOS
curves extending between our gate voltage extremes of
-75 V and 50 V with DFT calculated gap size overlaid.
For displacement field magnitudes larger than about 0.3
V/nm, DFT and experiment are in excellent agreement.
The curves shown in Figure 2E are all in this category.
While the match between experiment and DFT is excel-
lent at high fields in Figure 2F, for low fields the single
particle DFT fails to capture the experimental results. In
particular, DFT predicts that for electric fields between
-0.1 to 0.1 V/nm, the gap produced by the displacement
field is negligible. This is a consequence of screening that
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spectrum with the peak still far from the Fermi level, exhibiting a 4 meV half-width. STS measurements in (A-C) were taken at
setpoints of 300 mV and 200 pA with a lock-in oscillation of 0.5 mV. (D) Tight binding mean field DOS for ferrimagnetic and
charge transfer excitonic insulator ordered states. (E-F) Visual representation of the two ordered states in ABCA graphene.
The mostly irrelevant middle layers are shaded. Ferrimagnetic spin order (E) and charge transfer insulating order (F) are shown
by arrows pointing up or down as well as big or small spheres, respectively (shown on select sites only). (G) Asymmetry of
peaks in mean-field tight binding model as a function of U , intralayer, and U ′, top-bottom layer interactions. The most likely
ordered state in each region is labeled.
reduces the field inside the ABCA graphene. The experi-
mental data is in stark contrast to this prediction, always
displaying a non-zero gap in this region that is of order
5-10 meV. The fact that the gap matches quantitatively
at high positive and negative field negates any possibility
of extraneous fields (for example from the tip) affecting
this conclusion. We are thus forced to consider other ex-
planations for the observed gap at charge neutrality in
experiment.
To highlight the gap at zero field, in Figure 3A, we
show two LDOS curves at small displacement field val-
ues. The curve shown in blue is exactly at charge neu-
trality (and 0 field) with a gap of 9.5 meV centered pre-
cisely at the Fermi level. The curve shown in magenta is
the smallest gap observed at any value of gate voltage,
4.5 meV in magnitude, measured at a field of about -0.1
V/nm. This gap in the LDOS is consistent throughout
the entire ABCA domain as can be seen in Figure 3B
where we plot the LDOS at a sequence of points across
a whole ABCA and ABAB domain at charge neutrality.
Given the clear disagreement with single particle DFT
calculations, this gap is a consequence of electron corre-
lations. One question that arises is why ABCA graphene
displays such a correlated gap, while ABC graphene has
not displayed this phenomenon in previous measurements
[28]. To answer this question, we quantify the sharpness
of the ABCA LDOS peak by extracting the half-width of
the most prominent peak in the spectrum at each value of
gate voltage. A plot of these widths as a function of gate
voltage is shown in Figure 3C. For a range of gate volt-
ages near charge neutrality (grey region in Figure 3C),
the presence of the correlated gap in the peak makes it
difficult to define a peak width cleanly. At larger gate
voltages, we find that the peak width increases linearly
with gate voltage, likely a quasiparticle lifetime effect.
An extrapolation of the linear behavior to charge neu-
trality shows that without splitting, the peak would have
a half width of 3 meV when the sample is charge neutral.
Previous measurements of ABC graphene have shown
a peak width of 10-20 meV near charge neutrality [17]
and about 50 meV on a conducting substrate [29]. This
sharpness of the peak in the DOS of ABCA graphene
6is far lower than trilayer ABC graphene (as expected in
the low energy approximation) or even the flat bands of
magic angle tBG [24, 30–32], which are about 10 meV in
half width [24]. It is important to reiterate that at these
small angles in tDBG, the commensurate ABCA regions
are energetically maximized and have pushed any effects
of the tDBG moire´ to the domain walls, thus this find-
ing is purely associated with ABCA graphene. ABCA
graphene is thus a simple flat band system where kinetic
energy is sufficiently quenched such that a correlation in-
duced gap emerges without a relevant moire´ periodicity.
In order to understand the nature of the emergent
insulating state, we theoretically investigate the or-
dered states that arise from adding correlation effects
in this regime. To this end, we use a tight bind-
ing model with a Hamiltonian of H = H0 + HU
with H0 =
∑
~k,a,b,σ ~k,a,bc
†
~k,a,σ
c~k,b,σ, the non-interacting
part, and treat electron-electron interactions described
by HU within a mean field approximation (see S3).
We first concentrate on short-range Hubbard-type in-
teractions between the up and down spin electrons of
the material within each layer by including HU =
U
∑
i
∑
a
(
ni,a,↑ − 12
) (
ni,a,↓ − 12
)
where i runs over all
lattice sites and ni,a,σ = c
†
i,a,σci,a,σ is the density at site
i. We treat the term HU in a self-consistent mean-field
decoupling yielding the results shown by the magenta
curve in Figure 3D. The correlated (mean-field) state
in this case is a Ferrimagnetic state within the topmost
layer which spontaneously breaks the SU(2) invariance of
the system and an antiferromagnetic ordering across the
topmost and bottommost layer (opposite Ferrimagnetic
state in the bottommost layer) as shown in Figure 3E. To
have a more complete model, we now add longer range in-
teractions across topmost to bottommost layers on A and
B sites, respectively. This is a valid choice of the next or-
der interactions as we know (from both tight-binding and
DFT) that the top and bottom layer dominate the low-
energy physics. Towards this end, we add an additional
contribution, U ′
∑
i
∑
σ,σ′
(
ni,1A,σ − 12
) (
ni,4B,σ′ − 12
)
to
HU and study the ordered states in the self-consistent
mean field approximation as we sweep U and U ′, the
intralayer interactions and the top-bottom layer interac-
tions. When turning on U ′, at values U ′ ≈ U , the ferri-
magnetic state discussed above (at U ′ = 0) gives way to a
charge transfer (excitonic) insulating state which sponta-
neously breaks the inversion symmetry between bottom
and top layer, spontaneously transferring charge across
the A sites of the topmost and B sites of the bottommost
layer as shown in Figure 3F. Due to the spontaneous
charge transfer, the local density of states at the A sites
of the topmost layer becomes electron-hole asymmetric
in contrast to the local density of states in a ferrimag-
netically ordered state (also shown in Figure 3E) that
maintains electron-hole symmetry. We calculate a full
phase diagram of the system as a function of U and U ′,
shown in Figure 3G. The color scale on this plot displays
the electron-hole asymmetry, which is seen to be generi-
cally large in the charge transfer excitonic insulator state.
Based upon this criterion alone, our experimental spec-
tra at most gate voltages match the expectation for the
charge transfer excitonic insulator state. The only excep-
tion is the region around where the gap is a minimum,
where it is observed to be more electron-hole symmet-
ric. While the electron-hole asymmetry gives us some
insight into the nature of the correlated gap, future mea-
surements at high magnetic field can definitively answer
whether the state involves magnetic order.
We next look at the consequence of the topological
character of ABCA graphene in an applied displacement
field. In Figure 4A, we show an STS LDOS image of
several ABCA and ABAB domains at an electric field of
0.475 V/nm and -20 meV in energy. We clearly see the
presence of edge states near ABCA-ABAB domain walls
dominate the LDOS. Figure 4B (at the flat band peak,
-10 meV) and D-E (above the flat band) show more en-
ergy slices from the same LDOS map as Figure 4A. In
these images, there is no signature of the edge states,
which only appear at particular energies and gate volt-
ages. Towards understanding these edge states, we con-
sider the nature of the ABAB domains in comparison to
the ABCA domains. In Figure 4C we show the DFT cal-
culated fat band structure of ABAB graphene under a
displacement field (with the projection on the top layer
shown by the size of the blue circles). The band struc-
ture is highly layer polarized. While the low energy band
labeled 1 dominates the top layer, band 2 has nearly zero
weight. Under the application of a displacement field, a
gap is observed on the top layer (between bands 1 and
3), although the four layer structure as a whole remains
metallic. This is also confirmed by STS measurements
in the ABAB regions under a displacement field, Fig-
ure S4. We further confirm this band structure with
quasiparticle interference (QPI) mapping. Figures 4D-E
show STS LDOS map cuts at two energies in the conduc-
tion band of ABAB graphene. The wave-like structure in
the ABAB domains originates from back-scattering from
the ABCA domain walls. Shown in Figure 4F are 2D
Fourier transforms (right) of the LDOS maps in Figs.
4D-E revealing the dominant hexagonal peaks from the
scattering pattern. A line cut through the peaks (Fig-
ure 4F left) gives a direct visualization of the top layer
quasi-parabolic band as well as a faint signature of the
valence band (it dominates on the bottom layer), match-
ing the theoretical band structure under field. Having
confirmed the theoretically predicted band structure of
ABAB graphene under a displacement field, we now con-
sider its topological properties. An analysis of band 1
yields a valley Chern number of 1, with opposing signs
in the two valleys (Figure S2). Thus, when considering
the interface between ABCA and ABAB graphene seen
in STM, both develop gaps in the presence of a displace-
ment field with a difference in Chern number of 1 for
each valley. This in turn implies that there are helical
edge states of topological origin at the interface with one
mode per valley (in contrast to the interface between AB
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FIG. 4. Gate-tunable topological edge states in ABCA Graphene. (A-B) STS LDOS map cuts at -20 meV (e)
(within the overlapping gap of ABAB and ABCA graphene) and -10 meV (f) (at the flat band peak). (C) Band structure
of ABAB graphene at a displacement field of 0.8 V/nm as calculated by DFT with self-consistent charge screening. The size
of the blue circles is proportional to the projection of the wavefunction on the top layer. (D-E) STS LDOS map cuts (from
same map as (A-B)) at 22.5 meV and 37.5 meV. (F) 2D Fourier transform of (D-E) (right) and a linecut through the primary
electron scattering peaks (left). (G) Tight-binding LDOS profiles at fixed spatial intervals crossing an ABAB - ABCA domain
wall with their corresponding distances (with respect to the domain boundary) color coded and written for the beginning and
end point as well as the dominant in-gap topological edge state. (H) STS LDOS profiles at fixed spatial intervals crossing the
ABAB - ABCA domain wall at the represented and color encoded distances (with respect to the domain wall as determind
at higher energies) showing the dominant in gap topological edge state about 10 nm into the ABCA domain, consistent with
tight binding in (G). STS measurements in (A-B), (D-E) and (G) were taken at setpoints of 400 mV and 150 pA with lock-in
oscillations of 2.5 mV (A-B,D-E) and 1 mV (H).
and BA bilayer graphene where two modes per valley
are expected [22, 33, 34]). The dominating edges in the
LDOS map of Figure 4A are a direct manifestation of
these topological surface helical edge states.
For further insight into the observed interface proper-
ties of this topological edge state, we study a finite size
spatial region that includes a sharp boundary between
ABCA and ABAB graphene at similar conditions as in
experiment using tight-binding (more details in supple-
mentary materials). In Figure 4G we show the results
of these calculations for the LDOS at a number of po-
sitions across the ABCA-ABAB interface. The calcula-
tions show that the topological edge mode is localized
around 8 nm away from the interface inside the ABCA
domain, characterized by an in-gap state within the over-
lapping displacement field gaps of ABCA and ABAB
graphene. To compare to theory, we show the corre-
sponding experimentally measured LDOS spectra across
the interface in Figure 4H. We see remarkable agreement
between theory and experiment for the spatial LDOS
dependence. Within the overlapping displacement field
gaps of the LDOS, an in-gap state is present which in ex-
periment is located 10 nm away from the domain bound-
ary inside the ABCA region, in close accord with the-
ory. These measurements establish that the interface of
ABCA - ABAB domains (which can be easily realized
8by small angle tDBG) feature surface helical topological
edge states which can be turned on and off with displace-
ment field and gate voltage.
Our experiments show that small angle tDBG moire´
patterns are an easy platform to create large stable
four-layer rhombohedral graphene domains. We com-
monly observe rhombohedral patches that are hundreds
of nanometers to a micron in size, making them suit-
able for any technique including transport where elec-
trodes can be directly placed on the rhombohedral re-
gions. Stacking more bilayers at small angles may lead
to even thicker rhombohedral graphene domains. Spec-
troscopy on ABCA graphene reveals a flat band of 3-5
meV half-width and a correlated gap at neutrality mak-
ing it a unique correlated van der Waals system where
there is no need for a moire´ superlattice to modify the
low energy electronic properties. Further exploration of
ABCA graphene can provide answers to certain funda-
mental questions, for instance regarding the importance
of moire´ potentials and integer fillings in generating emer-
gent phases such as superconductivity in neighboring re-
gions of the phase diagram. The chiral nature of the tun-
able topological edge states in rhombohedral graphene
also makes it of great interest to observe gyrotropic ef-
fects and towards Floquet engineering.
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METHODS: EXPERIMENT
Our fabrication of twisted double bilayer graphene (tDBG) samples follows the established tearing method,
using PPC as a polymer to sequentially pick up hBN, half of a piece of graphene followed by the second half with a
twist angle. This structure is flipped over and placed on an Si/SiO2 chip. Directly contact is made to the tDBG via
µsoldering with Fields metal[1], keeping temperatures below 80 C during the entire process to minimize the chance
of layers fully rotating back to Bernal stacking which happens on annealing the structures.
STM measurements are taken in a home-built 5.7 Kelvin system at ultra high vacuum. STM tips are prepared
and calibrated for atomic sharpness and electronic integrity on freshly prepared Au (111) crystals. Samples were
measured with multiple tips to ensure consistency of results.
Nano-infrared imaging in this work was performed using a commercial (Neaspec) scattering-type scanning near-
field optical microscope (s-SNOM). In this measurement, mid-IR light (continuous wave CO2 gas laser at a wavelength
of 10.6 µm) was focused on the apex of a metallic tip. The scattered light was collected by a cryogenic HgCdTe detector
(Kolmar Technologies). The AFM tip was excited at a frequency of about 75 kHz, with a tapping amplitude of about
60 nm. The far-field contribution to the signal can be eliminated from the signal by locking to a high harmonic (here we
used the 3rd harmonic of the tapping). The phase of the backscattered signal was extracted using an interferometric
detection method, the pseudo-heterodyne scheme, by interfering at the detector the scattered light with a modulated
reference arm.
METHODS: TIGHT BINDING AND DENSITY FUNCTIONAL THEORY
The band structures and layer-projected local density of states (LDOS) of multilayer graphene with ABCA and
ABAB stacking are calculated with first-principle calculations based on density functional theory as implemented in the
Vienna Ab initio Simulation Package (VASP)[2]. The pseudopotentials are constructed with the projector augmented
wave method (PAW)[3]. The exchange-correlation functionals are treated at the local-density approximations (LDA)[4]
∗ These authors contributed equally to this work. † Correspondence to: apn2108@columbia.edu (A.N.P);
angel.rubio@mpsd.mpg.de (A.R.)
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2level. Plane-wave basis sets are employed with an energy cutoff of 600 eV. A dense k-point grid of 150x150x1 is adopted
in the self-consistent calculations to ensure the convergence of the band structures and the LDOS. A vacuum region
larger than 15 Angstrom is added along the z-direction to eliminate artificial interactions between slab images. Dipole
corrections are included in all the calculations with displacement fields.
To simulate the STS measurement across the ABCA-ABAB domain walls, we calculate the LDOS at different
locations across the domain walls with tight-binding model calculations. We model the domain walls with a flake of
four-layer graphene with area larger than 200 nm x 200 nm in the real space. In the region with x < -1 nm, the
stacking sequence is ABCA. In the region between x = -1nm and x = 1nm, the x coordinates of all lattice sites in the
top two layers are linearly expanded such that the stackings become ABAB in the region with x >1 nm. We model
the system with the following tight-binding Hamiltonian[5]: H =
∑
ij tij |i〉〈j| where tij is the hopping parameter
between pz orbitals at the two lattice sites ri and rj and it has the following form: tij = n
2γ0 exp
[
λ1
(
1− |ri−rj |a
)]
+(
1− n2) γ1 exp [λ2 (1− |ri−rj |c )] where a=1.412 A˚ is the in plane C-C bond length, c=3.36 A˚ is the interlayer
separation, n is the direction cosine of ri-rj along the out of plane axis (z-axis), γ0 (γ1) is the intralayer (interlayer)
hopping parameter, and λ1 (λ2) is the intralayer (interlayer) decay constant. For the interlayer interaction, only the
hopping between atoms in adjacent layers are considered. This tight-binding model has been shown to reproduce the
low-energy structure of graphene calculated by local density functional theory (DFT) calculations with the following
value for the parameters: γ0 = -2.7 eV, γ1 = 0.48 eV, λ1 = 3.15 and λ2 = 7.50 [6]. For the calculation of local density
of states, we employ the Lanczos recursive method[7].
TINY ANGLE TWISTED BILAYER GRAPHENE
For comparison to small angle twisted double bilayer graphene (tDBG), in Figure S1 we show a small angle
twisted bilayer graphene (tBG) STM topography. It is clear from the topography and main text Figure 1D that the
contrast is fundamentally different in small angle tDBG as opposed to tBG. The main contrast in tBG emerges from
the AA sites and the SP domain walls. In between, there are maximized (in space) commensurate Bernal stacked AB
and BA regions which show the same contrast. On the other hand in tDBG the dominant contrast comes from two
sets of different commensurate stacking domains – ABAB (Bernal) and ABCA (rhombohedral) graphene as described
in the text.
BERRY CURVATURE IN ABCA AND ABAB GRAPHENE
In order to investigate the topological properties of ABCA and ABAB graphene, we calculate the berry curvatures
for the low energy bands for the two systems under applied displacement field. We use the tight-binding model
calculations with hopping between lattice sites as given in the methods section. To simulate the applied displacement
field, the onsite potential difference between adjacent layers is set to be 0.08 eV. Figure S2A shows the Berry curvature
calculated for the bottom of the conduction band of ABCA graphene for half of the Brillouin zone centered around
the K point. It can be seen that there is a large peak around the K point. If we integrate the Berry curvature around
the region close to this K valley, we can obtain a valley Chern number of +2 for the bottom of the conduction band
of ABCA graphene.
There is no overall band gap for ABAB graphene even under applied displacement field. However, if we just
consider the states at the surface layer (the top or the bottom), there is indeed a band gap between surface bands 1
and 3 (see main text Figure 4C). The Berry curvature calculated for the bottom of conduction band 1 is shown in
Figure S2B. If we integrate the Berry curvature around the region close to the K valley, we obtain a valley Chern
number of +1, which is different from the case of ABCA graphene. The difference of the valley Chern number between
the surface bands of ABCA and ABAB graphene implies there will be surface helical edge states at the interfaces of
the two systems.
MEAN-FIELD TREATMENT OF THE CORRELATION
Here we analyze the effect of correlations on the density of states at the A sites of the topmost layer. We use
a tight-binding model with Hamiltonian H = H0 + HU with H0 =
∑
~k,a,b,σ ~k,a,bc
†
~k,a,σ
c~k,b,σ the non-interacting part
and treat the electron-electron interaction described by HU within a mean-field approximation. The indices a and
b take values 1A, 1B, 2A, 2B, 3A, 3B, 4A, 4B, where the number indicates the layer (topmost layer: 1, bottommost
3100 nm
H
eight (pm
)
100
0
FIG. S1. A small angle twisted bilayer graphene (tBG) moire´. The dominant contrast for small angle tBG comes from the
AA sites and the SP domain walls. The AB versus BA commensurate stacking domains show the same contrast unlike the
ABAB versus ABCA commensurate stacking domains in small angle tDBG.
layer: 4) and A and B label the two sites in the unit cell per layer. In the following we thus represent the dispersion
as a 8× 8 matrix labeling these different degrees of freedom. In agreement with the ab-initio characterization for the
regions being ABCA stacked (main text) we consider
~k =

−Ef/2 f(0,~k) 0 0 0 0 0 0
f(0,~k)∗ −Ef/2 t′ 0 0 0 0 0
0 t′ −Ef/6 f(1,~k) 0 0 0 0
0 0 f(1,~k)∗ −Ef/6 t′ 0 0 0
0 0 0 t′ Ef/6 f(2,~k) 0 0
0 0 0 0 f(2,~k) Ef/6 t
′ 0
0 0 0 0 0 t′ Ef/2 f(3,~k)
0 0 0 0 0 0 f(3,~k)∗ Ef/2

(S1)
while for the ABAB regions we choose
~k =

−Ef/2 f(0,~k) 0 0 0 0 0 0
f(0,~k)∗ −Ef/2 t′ 0 0 0 0 0
0 t′ −Ef/6 f(1,~k) 0 t′ 0 0
0 0 f(1,~k)∗ −Ef/6 0 0 0 0
0 0 0 0 Ef/6 f(2,~k) 0 0
0 0 t′ 0 f(2,~k) Ef/6 t′ 0
0 0 0 0 0 t′ Ef/2 f(3,~k)
0 0 0 0 0 0 f(3,~k)∗ Ef/2

(S2)
with f(x,~k) = t exp(i x ~k · ~a)[exp(i~k · ~a) + exp(i~k · ~b) + exp(i~k · ~c)], t = −3.375eV , t′ = 0.46eV , ~a = (1, 0),
~b = (−1/2,√3/2), ~c = (−1/2,−√3/2) and where Ef models an electric field applied across the layers. We neglect
4A B
FIG. S2. Berry curvature for the bottom of the ABCA conduction band (A) and ABAB conduction band (B)
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FIG. S3. Left: Comparing the ABAB versus the ABCA non-interacting density of states at the A sites of the topmost layer.
For the ABCA we find a square root divergence at low frequencies. Right: The same including local interactions U within a
mean field approach.
longer-ranged hoppings across layers for simplicity as they constitute a correction which does not influence the physics
we discuss in the following.
The non-interacting density of states at the A sites of the topmost layer is
ρ(ω) ∼
∫
d2k Im
[
1
ω − ~k + iη
]
1A,1A
(S3)
is shown for Ef = 0 in the left panel of Fig. S3 for η = 0.003.
In the case of ABAB stacking the four low energy bands touch at the Fermi-level in a quadratic fashion (two with
positive and two with negative curvature). This gives rise to a constant density of states for ω → 0 in two dimensions.
In contrast the ABCA stacking exhibits a quartic touching point of the two low energy bands (one with positive and
one with negative curvature) yielding a divergent density of states ρ ∼ 1/√ω as ω → 0. This diverging density of
states will promote strong correlation effects in the sample. To illustrate this we fist concentrate on a short-ranged
5FIG. S4. Characterization of order in the ABCA regions sweeping U and U ′. Left: logarithm of the gap size (in meV). The
dashed line indicates a gap size of about 10meV. Right: logarithm of the asymmetry of the two peaks in the correlation-split
van-Hove singularity. The asymmetry indicates the charge transfer (excitonic) state.
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FIG. S5. Waterfall plot of the local density of states including an Electric field sweept from Ef = −0.2eV to Ef = 0.2eV in
steps of 0.01eV for values which reproduce a van-Hove singularity splitting of about 10meV at E = 0. Left: U = 0.275eV and
U ′ = 0. Center: U = 0.2V and U ′ = 0.175. Right: U = 0.1V and U ′ = 0.2. T = 4K in all panels.
Hubbard-type interaction between the up and down spin electrons of the material by including
HU = U
∑
i
∑
a
(
ni,a,↑ − 1
2
)(
ni,a,↓ − 1
2
)
(S4)
where i runs over all lattice sites and ni,a,σ = c
†
i,a,σci,a,σ is the density at site i. The additional terms −1/2 are
added for convenience and ensure that µ = 0 corresponds to the undoped case. We treat the term HU in a self-
consistent mean-field decoupling and obtain the results shown in the right panel of Fig. S3 for U = 0.5eV and T = 4K
(using again η = 0.003). The effect on the local density of states is minute for the ABAB region, while a prominent
splitting of the peaks appears for the ABCA stacking configuration. The correlated (mean-field) state in this case is a
Ferrimagnetic state within the topmost layer which spontaneously breaks the SU(2) invariance of the systems and an
antiferromagnetic ordering across the topmost and bottommost layer (opposite Ferrimagentic state in the bottommost
layer). It is important to note, that the low-energy physics of the ABCA configuration is entirely dominated by the A
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FIG. S6. Order parameter for Ferrimagentic order as well as charge transfer order in dependence of applied electric field for
values which reproduce a van-Hove singularity splitting of about 10meV at Ef = 0 and T = 4K. Left: U = 0.275eV and
U ′ = 0. Center: U = 0.2V and U ′ = 0.175. Right: U = 0.1V and U ′ = 0.2.(right)
FIG. S7. Visual representation of the order in ABCA stacked bi-bi-layer. The mostly irrelevant middle layers are shaded.
Ferrimagnetic spin order (left) and charge transfer insulating order (right) are shown by arrows pointing up or down as well as
big or small spheres, respectively (shown on select sites only).
sites of the topmost and the B sites of the bottomost layers. Since correlations have a negligible effect on the ABAB
regions, we will concentrate our discussion of correlations on the ABCA domains in the following.
We do not have an ab-initio or experimental characterization of the precise form and magnitude of Coulomb
matrix element. We thus concentrate on the most short-ranged interactions within a layer as well as across topmost
to bottommost layer on A and B sites, respectively, as those are the only ones that contribute to the low-energy
physics. We therefore concentrate on adding an additional contribution U ′
∑
i
∑
σ,σ′
(
ni,1A,σ − 12
) (
ni,4B,σ′ − 12
)
to
HU to explore the general physics keeping U and U
′ as parameters to be swept. When turning on U ′, at values
U ′ ≈ U , the ferrimagentic state discussed above (at U ′ = 0) gives way to a charge transfer (excitonic) insulating
state which spontaneously breaks the inversion symmetry between bottom and top layer, spontaneously transferring
charge across the 1A and 4B sites. In contrast to the Ferrimagnetic state the charge transfer state is compatible with
an external magnetic field (which sets an explicit symmetry breaking of the same kind as the spontaneous one of the
charge transfer order). A visual representation of these orders in ABCA stacked bi-bi-layer is depicted in Fig. S7.
Due to the spontaneous charge transferred, the local density of states at the 1A sites becomes highly asymmetric
with respect to ω in contrast to the local density of states in a ferrimagnetically ordered state (see above). We give
a full sweep through the U -U ′ plane keeping Ef = 0 in Fig. S4, where we show the gap size (splitting of van-Hove
singularities) on the left and the asymmetry (indicating the charge transferred) on the right. Furthermore, we indicate
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FIG. S8. Temperature dependence of the order parameters for the magnetic and charge order for U = 0.275eV and U ′ = 0
(left) as well as U = 0.1eV and U ′ = 0.2eV (left) at Ef = 0. The mean field critical temperature is approximately TC ≈ 28K
and TC ≈ 12K for the two cases.
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FIG. S9. Comparison of theory to experiment. Experimentally, we concentrate on the most symmetric scenarios for the density
of states (labeled Exp2) and the case which is determined to be closest to half-filling and zero applied displacement field (labeled
Exp1). The splitting size between the van-Hove singularities is roughly fitted by varying U and U ′. The experimental data
has a strong tendency to display asymmetric peaks. This indicates that the experimental sample might be (at the verge of)
forming spontaneously a charge transfer state even at small Ef .
the line of U -U ′ values where the gap size is about the experimentally reported 10meV.
Next, we analyze the electric field dependence. In Fig. S5 we show the density of states on the A sites of the
topmost layer for electric fields from Ef = −0.2eV to Ef = 0.2eV sampled in increments of 0.01eV . We choose
three combinations of (U,U ′) = (0.2eV, 0.0) (left), (U,U ′) = (0.275eV, 0.175eV ) (center) and (U,U ′) = (0.1eV, 0.2eV )
(right) on the dashed line shown in the left panel of Fig. S4 denoting a splitting of van-Hove singularities of roughly
10meV. Electric field, just as the charge transfer state stabilized by U ′ tends to separate charges across the bottommost
and topmost layer. Therefore at non-zero U ′ the electric field induced gap in the density of states (and the charge
transfer) is stronger.
Next we define the two order parameters for (ferri)magnetic
OMag =
N1A,↑ −N1A,↓ −N4B,↑ +N4B↓
N1A,↑ +N1A,↓ +N4B,↑ +N4B,↓
(S5)
as well as charge transfer
OCT =
N1A,↑ −N4B,↑ +N1A,↓ −N4B,↓
N1A,↑ +N1A,↓ +N4B,↑ +N4B,↓
(S6)
order, where Na,σ =
∑
i ni,a,σ. Results for these order parameters are shown in Fig. S6 for (U,U
′) = (0.2eV, 0.0)
(left), (U,U ′) = (0.275eV, 0.175eV ) (center) and (U,U ′) = (0.1eV, 0.2eV ) (right). Charge transfer competes with the
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FIG. S10. STS LDOS and DFT top layer DOS at 0 and 0.8 V/nm displacement fields in ABAB graphene.
magnetic order and is stabilized by finite electric field as one would expect. At large U ′ > U charge transfer can be
spontaneous breaking the underlying inversion symmetry (see right panel).
The temperature dependence of the order parameter shows the typical mean-field behavior illustrated in Fig. S8
for U = 0.275eV and U ′ = 0 (left panel) as well as for U = 0.1eV and U ′ = 0.2eV (right panel) at Ef = 0. For
U = 0.275eV and U ′ = 0 magnetic ordering sets in below a critical temperature of TC = 28K while there is no charge
order for this choice of parameters. On the other hand for U = 0.1eV and U ′ = 0.2eV charge ordering emerges at
TC ≈ 12K without magnetic ordering.
While experimentally we see that the charge transferred order is more likely due to the asymmetry of the peaks,
we do not think that this is definitive evidence for charge transferred order as opposed to Ferrimagnetism – this is left
to investigation by future works. Here we take a simple vantage point and compare the most symmetric density of
states obtained in the experiment as well as the density of states of the point of near-zero applied displacement field
with the Ef = 0. Results of the mean field calculation at different combinations of U and U
′ which roughly reproduce
the experimental gap of 10meV are summarized in Fig. S9. Our analysis suggests that the experimental system is
likely showing spontaneous charge transfer order.
ABAB FIELD DEPENDENT STS
Figure S10 shows STS LDOS curves on an ABAB domain at 0 V/nm and 0.8 V/nm along with DFT calculated
top layer DOS. The experimental and theoretical curves match nicely confirming the ABAB band structure and that
a gap opens on the top layer under an applied displacement field.
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